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Heat capacity measurements of 4He adsorbed on closed-end single-wall carbon nanotube bun-
dles in the temperature range 1.5 K < T < 6 K are reported. Heats of adsorption Qst calculated
from isotherms measured on the same calorimeter cell are included. We correlate Qst features with
features of the helium heat capacity. We discuss possible interpretations of the current data.
PACS: 67.70.+n, 68.43.–h, 61.48.+c
Single layer helium films physisorbed on exfoliated
graphite have been studied in great detail, both experi-
mentally and theoretically, for a long time [1–5].
These films provided, for the first time, realizations of
several phases of matter in reduced dimensionality:
two-dimensional (2D) gases and fluids [6–8], com-
mensurate (CS) [9,10] and incommensurate (ICS)
solids [11–13], as well as the phase transitions be-
tween them as a function of temperature and coverage.
A new carbon material discovered in the last decade
is carbon nanotubes [14,15]. In the form of bundles or
ropes, they have a rather large surface area per gram of
material which makes them suitable for physisorption
studies using somewhat conventional techniques. Al-
though many types of carbon nanotubes exist, consid-
erable theoretical [16–27] and some experimental
[28–36] work has been done on the adsorption of
many rare gas atoms and simple molecules deposited
on closed-end single-wall carbon nanotube (SWNT)
bundles. The attraction of the SWNT bundles is that
on the interstitial channels between three nanotubes
and on the grooves between two nanotubes on the out-
side surface of a bundle, one-dimensional (1D) chains
of atoms/molecules can be adsorbed. These chains
may be in the form of 1D gases and fluids if mobile
[17,21,26,27] and perhaps commensurate and/or in-
commensurate solids [37]. Further adsorption on the
outside surface of the bundles should lead to their
coating with a monolayer that physically resembles
adsorption on graphite, perhaps with different proper-
ties due to the curvature of the graphene surfaces, fi-
nite size, and confinement between grooves of the
bundle [37]. A crossover from 1D to 2D or 3D proper-
ties is then possible, given that one can start with 1D
chains that eventually, as a function of coverage
and/or temperature, interact with each other in 2D
and 3D space.
In this article we report on initial studies of the
heat capacity of 4He on SWNT bundles as a function
of temperature and volume of gas adsorbed (cover-
age); these measurements are complemented by a few
volumetric adsorption isotherms on the same bundles.
Two previous somewhat indirect measurements of the
heat capacity of 4He on SWNT bundles have appeared
[38,39]. In both cases, the prime intent of the mea-
surement was to obtain the heat capacity of the
nanotubes; 4He was used as exchange gas to cool the
bundles and/or the calorimeter and inner parts of the
cryostat. The «nuisance» 4He heat capacity had to be
subtracted from the total. In Ref. 39 though, the 4He
excess heat capacity at an estimated 80% of monolayer
completion was fitted by an expression of the form
Cfilm = T + T
2. In our measurements, performed
over a wide range of 4He coverages, we find heat ca-
pacities with the same temperature dependence, but
with  and  being coverage dependent.
A theoretical study by Miller and Krostcheck [26]
of 4He using density functional theory predicts that at
temperatures above T = 0 K 1D 4He is a gas/fluid, a
result in agreement with expectations that in 1D there
is no liquid-vapor critical point at finite temperature.
At T = 0 K these authors find coexistence between a
very low density liquid (linear density,  = 0.036Å–1)
and a zero density gas. Compression of this liquid
leads to solidification at about   0.2 Å–1. Studies of
1D 4He by Gordillo et al. [21] and by Stan et al. [17]
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deposited on the grooves of nanotube bundles support
these results. These studies though use smoothed
potentials with no atomic structure for the nanotubes.
Including the atomic structure of the nanotubes may
lead to the formation of novel commensurate struc-
tures [37]. A unique structure found for adsorption of
heavier rare gases on SWNT bundles is a «three-line
phase», predicted theoretically (see review by Calbi
et al. [16]) and deduced from experiments by
Talapatra and Migone [33] for Ar adsorption. This
phase is formed after filling the outside grooves with
1D lines of atoms. The most favorable next place to
add atoms is by forming three lines of atoms anchored
at the grooves. Completion of the three-line phase
should occur at a total coverage of about three times
the amount of helium needed to form one compact line
on the grooves.
Our experiments have searched for the 1D
gas/fluid phase, the three-line phase, and the even-
tual crossover to 2D adsorption on a graphite-like sur-
face (the exterior of the bundles between the
grooves). In the following paragraphs we describe our
experimental methods, the results obtained, and how
the results relate to expectations.
The adsorption/heat capacity cell used in these
measurements was made by pressing 100 mg of
HiPcoTM nanotube bundles [40] between two very
thin wall copper foils, soldering the edges, and adding
a 1 16 diameter thin wall stainless steel capillary to
serve as support, thermal link, and gas dosing line.
The cell was connected to a room temperature gas dos-
ing system. The cell was thermally connected via the
fill line to a brass plate, which in turn was thermally
connected to a pumped liquid 4He evaporator. The
temperature of the intermediate plate could be regu-
lated between 1.1 and 16 K; a brass shield thermally
attached to the brass plate served to isolate the ad-
sorption/heat capacity cell from the 4.2 K walls of
the vacuum can. The cell had a thermometer and
heater attached to opposite sides.
We started every set of measurements by pumping
our adsorption cell at room temperature to the
10–7 Torr range. For adsorption isotherm measure-
ments we kept the cell at the desired constant temper-
ature; for each point we dosed helium in and waited
for pressure equilibration, sometimes many hours. For
the heat capacity measurements we dosed He at a tem-
perature high enough that the equilibrium vapor pres-
sure was in the 10–2 Torr range for annealing pur-
poses. We used the ac calorimetry method. After a
frequency/amplitude scan of the Tac oscillations, we
chose to work at the highest possible frequency, which
was 1 Hz. We were extremely careful to keep the pres-
sure in the cell to less than 10 Torr while doing the
isotherms to prevent from blowing it into the vacuum
can. For essentially all but one heat capacity measure-
ment the pressure in the cell while doing the calori-
metric measurements was always below 10–4 Torr, the
smallest pressure we can measure, and no desorption
heat capacity was observed.
While the adsorption isotherms on this cell show
the same general features as the ones we obtained in an
extensive study using other SWNT bundles made in
Montpellier, France [41], the calculated isosteric
heats, Qst/kB = – (ln P)/(1/T), at very low
coverages appear to be substantially higher than on
our earlier work, compare Figs. 1,a and 1,b. In partic-
ular, the extrapolated zero-coverage Qst/kB for this
sample is about 400 K or more, Fig. 1,a, while for the
Montpellier SWNT bundles we used in Ref. 36 the
highest Qst was approximately 240 K. This difference,
in part, may come from different pumping times of the
sample cells before the experiment (cleaning higher
binding sites before experiments), but it may be en-
tirely due to the different characteristics of the SWNT
bundles [40,41]. We observe also that the fraction of
gas adsorbed before reaching the graphite-like adsorp-
tion plateau is also larger (referred to coating the bun-
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Fig. 1. (a) Isosteric heat of adsorption of 4He on HiPcoTM
SWNT bundles [40], obtained from four isotherms on heat
capacity cell at T = 14 and 16 K (0 < Vads < 7 cc STP) and
9 and 11 K (8 cc STP <Vads< 11 cc STP). (b) Isosteric heat
of adsorption of 4He on Montpellier SWNT bundles [41],
from extensive set of adsorption isotherms between 2.1 and
14 K, as reported in Ref. 36. Note the agreement in the
isosteric heats between both SWNT samples at the graph-
ite-like plateau, but the differences at low coverages both in
Qst/kB and in the volume adsorbed compared to the one
needed for completion of the plateau. Full monolayer cover-
age of the bundles though is not achieved until about 1.6 cc
STP in b and about 24 cc STP (from heat capacity) in a.
dles with a full monolayer) for this cell than for the
one used in the previous work.
For the calorimetric measurements we measured
first the empty cell heat capacity and assumed it to be
constant. We then added (occasionally removed) con-
trolled amounts of helium to (from) the cell and mea-
sured it again. The film heat capacity is the difference
between each measurement and a polynomial fit to the
background. Results for the total heat capacity for the
empty cell (fitted solid line) and for the cell plus four
films are shown in Fig. 2. The difference heat capacity
for three of these films plus three other films is shown
in Fig. 3,a. Although we have measured several more
coverages than shown, the ones of Fig. 3,a are repre-
sentative of the different regions of the Qst/kB vs.
amount of gas adsorbed graph, Fig. 1,a. The film at
31.1 cc STP shown in Fig. 2 clearly demonstrates
desorption in its exponential temperature dependence,
confirmed by the measurable increasing vapor pres-
sure. It is not included in the discussion.
We begin our discussion of the results by emphasiz-
ing that none of the measured specific heats is con-
stant with temperature, not even at the lowest cover-
age we have measured (about 0.75 cc STP). The
scatter in the film heat capacity at lower coverages is
very high; improvements will require a modification
of our experimental setup. Thus we do not find a 1D
(at the lowest coverage) or 2D (when graphite-like
adsorption starts), almost ideal gas regime as observed
for both helium isotopes on graphite (2D) over the
lower density half of the first adsorbed layer. On the
contrary, the heat capacities measured all increase
steadily with temperature, albeit with some signi-
ficant variations in their temperature dependence.
Furthermore, all measured heat capacities appear to
be too small for what one would expect for 1D or 2D
solids with Debye temperatures comparable to those
for 4He in 2D or 3D for similar interatomic spacings.
This may be due to a portion of the SWNT bundles not
being in good thermal contact with the outside wall of
the calorimeter cell, although it could be due too to
some intrinsic property of these new type of helium
films.
The very high binding energy at very low coverage
(Qst/kB  450 K at Vads  0) likely leads to very lo-
calized atoms and possibly very small specific heats.
With moderate increases in coverage the heat capacity
increases rapidly, correlated with the rapid decrease in
Qst/kB. Figure 3,b shows a heat capacity isotherm at
2 K for this set of data. By about 3 cc STP adsorbed
the growth in heat capacity slows down. This slowing
down corresponds to the slight rise in Qst in Fig. 1,a.
By about 9 to 10 cc STP adsorbed the heat capacity
suddenly starts to rise again. This feature corresponds
very well with starting adsorption on a surface with
Qst comparable to the one of
4He on graphite,
Fig. 1,a. Increases in heat capacity with coverage stop
at 16 to 17 cc STP adsorbed; from then on the total
heat capacity decreases with increasing coverage,
much like it does for both helium isotopes on graphite
when 2D incommensurate solids (ICS) form. On gra-
phite, these 2D ICS exist at densities above 0.079 Å–2.
Nevertheless, a direct comparison with He/graphite,
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Fig. 2. Total measured heat capacity between 1.2 and 4 K:
empty cell (), 3.2 cc STP(), 6.3 cc STP (+), 15.8 cc
STP (), 31.1 cc STP (). The solid line is the fit to the
background used for obtaining the films heat capacity.
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Fig. 3. (a) Heat capacity of 4He adsorbed/SWNT bundles:
3.2 cc STP (), 6.3 cc STP (),9.1 cc STP (),11.5 cc
STP (),15.8 cc STP (),20.1 cc STP (). (b) The total
heat capacity vs. volume adsorbed at 2 K. Note the two
well separated regimes, below and above 9 to 10 cc STP,
corresponding to features in Qst/kB in Fig. 1,a.
as assumed in Ref. 39, can not be made. For the lowest
2D solid density melting occurs at T = 1 K; the
melting temperature increases rather uniformly with
increasing coverage. At temperatures above melting
the specific heat becomes constant and near 0.9kB per
atom, a signal of a compressed 2D almost classical
gas/fluid. For our system of He/SWNT bundles
there is no observation of melting and no observation
of a constant specific heat.
One possible scenario for different film/SWNT
bundles regimes is the following. First, adsorption oc-
curs in the outside grooves of the bundles in the form
of very localized linear chains of helium atoms. Hete-
rogeneous and uniform sites are occupied, and at
about 3 cc STP all possible linear chains have been
formed. This regime is now followed by adsorption on
lines parallel and next to the atoms in the linear
(groove) phase, similar to the case for Ar/SWNT
bundles [16,33]. The maximum capacity of this phase
is reached then, for our cell, at 9 to 10 cc STP. The in-
crease we observe in Qst at  4 cc STP could be associ-
ated with the latent heat of condensation of this
phase. On a third adsorption stage, the space between
the three-lines begins to be filled. This is adsorption
on a bare, graphite-like curved surface, but in narrow
strips between the anchored three lines of atoms.
These strips could be rather long compared to their
width. Simple geometric estimates using the density of
helium on graphite give that up to 4 or 5 compressed
lines of 4He could be formed at full density in spaces
between adjacent grooves on the «flat» facets of bun-
dles, and that 7 to 9 compressed lines could be formed
on «corner tubes» between facets of the bundles. It is
remarkable that for 37 nanotubes ideal bundles (they
have 18 outside grooves) the total additive coverages
measured in lines of atoms, for the 1D groove phase,
three-line phase, and graphite like adsorption will be
in the ratio 18:54:138 at completion of the solid
monolayer on a SWNT bundle, or 39% of adsorbed
atoms would be in the three lines per groove phase.
Looking at Fig. 1,a and the heat capacity measure-
ments, completion of a first layer of atoms in our cell
occurs at about 24 cc STP. If completion of the
three-line phase is at 10 cc STP, experimentally we
have 42% of a monolayer atoms in that phase, remark-
ably close to the geometric estimate with no absorp-
tion on interstitial channels.
In conclusion, we have measured adsorption iso-
therms and the heat capacity of 4He adsorbed on
SWNT bundles using the same cell for both measure-
ments. We have been able to correlate features of the
isosteric heat with those of the heat capacity. We have
not found a 1D or 2D gas phase formed by the ad-
sorbed atoms, rather we observe a temperature de-
pendence of the heat capacity that can be fitted to an
expression of the form C  T + T2, with both coeffi-
cients being coverage dependent. We are continuing
our experiments to obtain a complete description of
the evolution of this 1D/2D system.
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